To probe the earliest evolutionary events attending the origin of the five known genome types (archaebacterial, eubacterlal, nuclear, mltochondrial and plastld), we have analyzed sequences corresponding to a ubiquitous, highly conserved core of secondary structure in small subunlt rRNA. Our results support (i) the existence of three primary lineages (archaebacterial, eubacterial, and nuclear), (ii) a specific eubacterial ancestry for plastids and mitochondria (plant, animal, fungal), and (iii) an endosymbiotic, evolutionary origin of the two types of organelle from within distinct groups of eubacteria (blue-green algae (cyanobacteria) in the case of plastids, nonphotosynthetic aerobic bacteria in the case of mitochondria). In addition, our analysis suggests (iv) a biphyletic origin of mitochondria, with animal and fungal mitochondria branching together but separately from plant mitochondria, and (v) a monophyletic origin of plastids. The method described here provides a powerful and generally applicable molecular taxonomic approach towards a global phylogeny encompassing all organisms and organdies.
INTRODUCTION
rRNA has not been found in mitochondria except in those of higher plants [7] , and mltochondrial tRNAs, at least those in mamnals, are sufficiently peculiar in structure that meaningful alignments with more conventional tRNA sequences cannot be generated by the usual methods [8] .
Here, we present an approach to a global phylogeny using a data set derived froa small subunit (SSU) rRNA sequences. Our choice of this informtlonal macromolecule is based on (i) the universal occurrence of functionally equivalent and evolutionarily homologous SSU rRNA genes in eubacteria, archaebacteria, mitochondria, plastlds, and nucleus; (ii) the recognition [9] that SSU rRNA contains a universally conserved core of secondary structure (probably defining its basic function in protein biosynthesis) that permits a very accurate alignment of the primary sequences of homologous regions [10] , while at the same time providing a data set large enough to reduce the danger of misleading statistical fluctuations in the distribution of mutations; and (ill) the availability of a sufficient number of SSU rRNA sequences spanning the five known genome types to permit analysis of the early evolutionary events attending the origin of these genomes.
Molecular-based phylogenies are not easily and unequivocally determined
from sequence data; indeed, different phylogenies can be inferred from the same data set depending on the reconstruction method used [4] . Furthermore, different phylogenies for a given group of organisms can be obtained by a single method applied to data derived from the sequences of different genes [4] . Clearly, then, great care must be taken In the selection of data sets, in their analysis, and in the evolutionary interpretation given to the results. In this paper, we make use of a methodology that minimizes the subjectivity normally inherent both in the selection of data sets and in the reconstruction technique employed. Our method is based on an interactive strategy, previously described by us [4] , for inferring evolutionary relationships from nucleic acid sequence data. This allows the recognition and selection of homologous regions of SSU rRNA for phylogenetic analysis, and provides a strategy for generating reliable primary sequence alignments of these homologous regions, based on secondary structure considerations.
RATIONALE AND STRATEGY OF ANALYSIS
For the purposes of the present analysis, we have divided structural domains in SSU rRNA into three categories, which we designate "0" (universally conserved), "S" (semi-conserved), and "V" (variable, or non-conserved). [45] ; N, [46] ); ALS, Aspergillus nidulans (M, [47] ); HUM, human, Bono sapiens (M, [11] ); MOU, mouse, HUB musculus (M, [29] ); RAT, rat, Rattus norveglcus (M, [30] ); XEN, Xenopus laevis (N, [48] ). The numbering of the ECO E 16S sequence follows that of Woese e^ al^. [49] . A 10-nucleotide stretch in U-4, missed during the original sequencing of the SCE N 18S sequence [46] (cf. [48] ), has been taken from the revised sequence [50] . This stretch corresponds to positions 986-995 in the revised sequence (posiions 775-784 In the ECO E 16S sequence; Fig. 1 ) and inserts between positions 985 and 986 of the SCE N 18S sequence, as originally published and cited in the above table. There are not sufficient general constraints of the fora "all eukaryotes group together" to be able to achieve the necessary reduction in computation for a data set as large as ours, and so it is necessary to add more detail to the constraints. Table I . Figure 3 (right).
Phylogenetic tree showing the relationships among representatives of the five identified genome types (archaebacterial, A; eubacterial, E; nuclear, N; chloroplast, C; mitochondrial, M). Further details are given in Fig. 3 and Table I .
RESULTS
To determine relationships within the chloroplast-cyanobacterium grouping, a minimal mutation tree was generated, situating the root of this subtree with respect to eubacterla (E^. coll) and the nuclear component of eukaryotes (yeast). The wheat mitochondrial sequence was also included, in view of its demonstrated strong resemblance to eubacterial/plastid sequences [12] . The results (Fig. 2) show Anacystls nldulans branching off before the chloroplasts diverge from one another. Among the next best trees was one indicating that Anacystls nldulans and Eugleaa chloroplast had a common evolutionary history not shared by the other chloroplasts; however, this analysis was decidedly inferior to the one depicted In Fig. 2, requiring 402 vs. 398 mutations. Notably, wheat mitochondrion groups with E^ coli in the subtree of Fig. 2 , and this grouping recurred in all trees that have close-to-optimal mutational counts-A second preliminary analysis was designed to probe relationships among mitochondrial sequences, and to situate the archaebacterlum (Halobacterlum volcanni) with respect to the eukaryotic nuclear and eubacterial branches.
The resulting tree (Fig. 3) shows the halobacterlal sequence decidedly closer, measured along the branches of the tree, to the eukaryotic (yeast) nuclear sequence (209 differences) than to any of the other sequences (257-395 
